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THIN GALLIUM-ARSENTOE-ANTIMONIDE BASE 
HETERQJUNCTION BIPOLAR TRANSISTOR (HBT) HAVING 

IMPROVED GAIN 

TECHNICAL FIELD 

The invention relates generally to transistors, and, more particularly, to a 
heteroj unction bipolar transistor (HBT) having a thin gallium arsenide antimonide 
(GaAsSb) base. 

BACKGROUND OF THE INVENTION 

Heterojunction bipolar transistors (HBTs) have become state of the art, 
particularly in npn form, for applications in which high switching speeds and high 
frequency operation are desired. 

An indium gallium arsenide (InGaAs) base HBT typically includes an indium 
phosphide (InP) or aluminum indium arsenide (AlInAs) emitter that is lattice matched 
to an InGaAs base and doped with carbon (C) or beryllium (Be) in the range of 3-6 x 
10 19 acceptors/cm 3 . This has led to the development of HBTs having bases of InGaAs 
at least as thick as 50 nanometers (nm). This minimum thickness has been arrived at 
due to the generally accepted upper limit of base doping of about 6 x 10 19 
acceptors/cm 3 , and the generally accepted lithography limit of about 1 micron (nm). 
This leads to the conclusion that the use of a substantially thinner base would lead to 
an excessively large base resistance, rendering the HBT inadequate for high frequency 
operation due to the resultant low maximum operational frequency f MA x- The 
approximate relationship fMAx= V fT /8flR b C c > where f T is the current-gain-bandwidth 
product, or cutoff frequency, R b is the base series resistance and C c is the collector- 
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base capacitance, shows that as the base resistance increases, fMAX is reduced. The 
relationship is approximate because it is based on a simple lumped-element model of 
the transistor. Actually, the base series resistance R b and collector-base capacitance 
C c are distributed. More accurate expressions are algebraically complex and would 
obscure, rather than illuminate, the points that this approximate expression is used to 
make. 

The base series resistance, Rt>, can be reduced by scaling down the lithography 
used to fabricate the transistor, but the practical lower limit is approximately l\xm. R b 
can also be reduced by increasing the base doping, but in ordinary bipolar transistors 
the emitter efficiency, and hence the current gain, will be seriously compromised as 
the magnitude of the base doping approaches that of the emitter. This effect of base 
doping on emitter efficiency is reduced or removed in an HBT due to the wider 
bandgap of the emitter material compared to the base material. The emitter having a 
wider bandgap than the base reduces the reverse injection from the base into the 
emitter even at high base doping. However, in existing HBTs, the base doping cannot 
be increased without limit because the current gain becomes too small for other 
reasons. 

The doping dependence of the base sheet resistance, transit time, and 
recombination time is given by the equations: 



Pb = l/qN A MpWb-Ko/Na 0 ^ W B 



(Eq. 1) 



1/tb = 1/tsrh + 1/trad + 1/tauger = A + BN A + CN A 2 > and 



(Eq.2) 



(Eq 3) 
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The term p B is the base sheet resistance, q is the charge of an electron, N A is the 
doping concentration in the base, ^ is the hole mobility in the base, W B is the base 
thickness, K<, is a constant, and e is a constant that can be used to empirically describe 
the dependence of hole mobility on doping. The term tb is the net electron lifetime in 
5 the base, which has the relationship shown to the lifetimes tsrh for Shockley-Read- 
Hall recombination, trad for radiative recombination, and tauger for Auger 
recombination. A, B, and C are constants that can be use to empirically describe the 
dependence of tb on the base doping. The base transit time tt depends as shown on 
the base thickness, the electron thermal velocity v^,^, and the electron diffusion 
10 constant D„. 

The constants Ko, e, A, B, C, and D„ in equations 1, 2 and 3 are material 
dependent. Therefore, the scaling behavior with respect to the thickness of the base 
layer is material dependent. The values for InGaAs lattice-matched to InP are well 
known, and therefore, will be used as an example when scaling the base of an HBT. 

15 For most degenerately doped materials (nearly always the case in HBT bases) ^ is 
weakly dependent on the doping level, and e is a small positive number. Assuming 
that this dependence is negligible, and using representative numbere for the other 
material parameters obtained from R.K. Ahrenkiel et al., "Recombination lifetime of 
In0.53 Ga0.47 As as a function of doping density," Appl. Phys. Lett., V.72, pp. 3470 

20 ff. (1998); and from Y. Betser and D. Ritter, "Electron transport in heavily doped 
bases of InP/GalnAs HBTs probed by magnetotransport experiments," tfrp Trans. 
Elec. Dev., V.43, pp. 1 187 ff. (1996), the scaling behavior for an InGaAs base HBT is 
obtained. 
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FIG. 1 illustrates the scaling behavior for ft, fMAX. and the base doping in an 
InGaAs base HBT constrained to have a current gain of SO as a function of the base 
layer thickness. The cutoff frequency fr and the maximum operating frequency fMAx 
are shown with respect to the left axis and the base doping is shown with respect to 
5 the right axis. As illustrated, due to the strong dependence of base recombination on 
doping density, scaling below a base thickness of approximately 36 nm significantly 
degrades fMAx- This occurs because the base sheet resistance increases as the base 
thickness is reduced. 

Therefore, there is a need in the industry for an HBT having a high current 
10 gain that can be maintained at high operating frequencies. 

SUMMARY OF THE INVENTION 

The invention is an HBT having an InP collector, a GaAsSb base and an InP 
emitter in which the base is constructed using a thin layer of GaAsSb. The thin base 

15 layer can be constructed of a GaAsSb material with a composition having a bulk 
lattice constant that matches the bulk lattice constant of the material of the collector. 
The thickness of the GaAsSb base layer is less than 49 nm, and preferably less that 
about 20 nm. A high base doping level is used to reduce the sheet resistivity and 
lower the base series resistance that results from the thinly grown base layer. The 

20 emitter may also be constructed using Alln As in a composition that results in a lattice- 
matched with the InP collector. 

In an alternative embodiment, the thin base layer is of a GaAsSb composition 
that includes a higher As content, resulting in a low conduction band energy 
discontinuity at the emitter-base junction. The thin layer of GaAsSb forming the base 

25 of the HBT can be grown using a composition that includes an arsenic fraction of as 
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high as approximately 65%. While providing an advantageous decrease in the 
conduction band energy discontinuity, an arsenic fraction in the GaAsSb of greater 
than about 51 % changes the lattice parameter of the GaAsSb base layer so that, if 
grown conventionally thick, undesirable dislocations would occur. To prevent the 
5 dislocations from forming, the GaAsSb base layer is grown to a thickness not to 
exceed the critical thickness at which dislocations would form. Such a GaAsSb base 
layer has a lattice constant that conforms to the lattice constant of the collector 
because it is pseudomorphically "strained" over the collector. A high base doping 
level is used to reduce the sheet resistivity and lower the base series resistance that 
10 results from the thinly grown base layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, as defined in the claims, can be better understood with reference 
to the following drawings. The components within the drawings are not necessarily to 
15 scale relative to each other, emphasis instead being placed upon clearly illustrating the 
principles of the invention. 

FIG. 1 illustrates the scaling behavior for f T , fMAx> and the base doping in an 
InGaAs base HBT constrained to have a current gain of SO as a function of the base 
layer thickness. 

20 F 10 - 2 >s a graphical illustration showing an energy band diagram of a 

conventional InP emitter/GaAsSb base/InP collector HBT under modest forward 
electrical bias on the emitter-base junction. 

FIG. 3 is a graphical illustration showing an energy band diagram of the InP 
emitter/GaAsSb base/InP collector HBT of FIG. 2 at strong forward bias on the 

25 emitter-base junction. 
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FIG. 4 is a cross-sectional view illustrating an HBT constructed in accordance 
with an aspect of the invention. 

FIG. 5 is a graphical illustration of the scaling behavior of f T » fjviAx and the 
base doping in an HBT constructed according to a first embodiment having a thin 
5 GaAsSb base and constrained to have a current gain of 50 as a function of the base 
layer thickness. 

FIG. 6 is a graphical illustration of the scaling behavior of fx, fMAx and the 
base doping in an HBT constructed according to an alternative embodiment having a 
thin GaAso.62Sbo.38 base layer composition grown pseudomorphically over an InP 
10 collector and constrained to have a current gain of 50 as a function of the base layer 
thickness. 

FIG. 7 is a graphical illustration 200 showing an energy band diagram of the 
InP emitter/GaAsSb base/InP collector HBT of FIG. 6. 



15 DETAILED DESCRIPTION OF THE INVENTION 

While described below using an npn heterojunction bipolar transistor (HBT) 
the invention is equally applicable to an HBT having a pnp configuration. 

The material used to fabricate the emitter in an HBT has a bandgap wider than 
the bandgap of the material used to fabricate the base. This creates an energy barrier 
20 in the valence band at the emitter-base junction that inhibits the unwanted flow of 
holes from the base region to the emitter region. This arrangement increases the 
emitter injection efficiency, current gain and operating frequency of the HBT. 

FIG. 2 is a graphical illustration showing an energy band diagram 11 of a 
conventional InP emitter/GaAsSb base/InP collector HBT under modest forward 

25 electrical bias on the emitter-base junction. The vertical axis 12 represents the energy 



Agilent Docket No. 10003976 

level and the horizontal axis 14 represents distance. That is, the thickness of the 
material that respectively comprises the emitter region 22, the base region 24 and the 
collector region 26. An HBT with a GaAsSb base and InP collector has a type-D band 
lineup at the collector-base junction 32 as shown. The energy discontinuity AEc in the 
5 conduction band 16 is about 0.18 electron Volts (eV) and the energy discontinuity AEy 
in the valence band 18 is about 0.76 eV. This is an essentially ideal band lineup for 
this junction for the following reasons. A small ballistic energy AEc is imparted to 
collected electrons and there is a large valence-band discontinuity AEy at the base- 
collector junction 32 that minimizes hole injection into the collector region 26 even at 

10 low or positive collector bias. Since the wide-bandgap InP extends throughout the 
collector region 26, avalanche breakdown is minimized. 

Other variations of InP collector HBTs fail to offer these advantages. For 
example, the use of the same structure, but with an InGaAs base retains the large 
valence band discontinuity AEy at the collector-base junction and includes the benefit 

15 of the wide-bandgap InP. Unfortunately, the InGaAs base presents a barrier to 

electron collection, which could result in undesirable stored charge in the base. This 
compromises the frequency response and maximum current capability of the device. 
Any scheme to eliminate this barrier compromises the desired features of the large 
valence band discontinuity AE V at the collector-base junction and the benefit of the 

20 wide-bandgap InP. 

However, in HBTs having a GaAsSb base and InP emitter (the characteristics 
of which are shown in FIG. 2) the type II band lineup leads to two undesirable 
features. Both are related to the discontinuity in the electron concentration across the 
heterojunction of exp (-qAEc/kT), where q is the electron charge, AEc is the 
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conduction band discontinuity, k is Boltzmann's constant, and T is the absolute 
junction temperature. Since AEc is approximately 0.18 +/- 0.1 eV, the ratio of electron 
concentration across the discontinuity is in the range of 2 x 10 s to 5 x 10' 2 at room 
temperature. 

5 The first undesirable feature is lowered current gain. Below some limiting 

injection level, it can be shown that interface recombination at the emitter-base 
junction 28 depends on the electron concentration on the emitter side of the junction, 
and on the interface trap properties. 

The interface current density jmterfacc= qnamtterVintcrfacc> where ricmitter is the 

10 electron density on the emitter side of the interface and where yintafwce is the interface 
recombination velocity. The interface recombination velocity v mt aface = ^nVthcnnaiNtraps 
+ Ksj^ad Phase, where <j n is the cross-section for capture of an electron by an interface 
trap, vthcrmai is the thermal velocity of electrons, Ntrapsis the trap concentration as a 
density per unit area, Ks-^ is a constant that describes the proportionality of spatially 

15 indirect radiative recombination at the interface. The term phase is the hole 
concentration on the base side of the interface. 

The total interface recombination velocity is thus due to recombination 
through traps, and through spatially indirect radiative recombination. The material 
interface, as it can be practically grown, will not be electrically perfect. For example, 

20 there may be impurities or imperfections at the interface that lead to spatially localized 
states inside the energy gap. Electrons or holes that land in these spatially localized 
states cannot move around (unlike electrons or holes in the conduction or valence 
bands). These spatially localized states have a potential energy between that of the 
valence and conduction bands. These spatially localized states can alternately trap 

25 electrons and holes, thereby providing a path for recombination. This is conceptually 
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similar to Schockley-Read-Hall recombination. 

Spatially indirect recombination is band-to-band recombination between 
electrons that are localized on one side of a type-II heterojunction (in this example the 
InP side) and holes that are localized on the other side (in this example the GaAsSb 
side). The recombination is referred to as spatially indirect because the electrons and 
holes are separated according to classical physics. According to quantum physics the 
electrons and holes are not perfectly localized. They are represented by wave 
functions that slightly overlap. Therefore, some recombination occurs. Both of these 
effects are known to those having ordinary skill in the art. 

The injection current density ji D jectio n = qntascVbasc, where niseis the injected 
electron concentration on the base side of the emitter-base junction and where v^ is 
the electron velocity through the base. The ratio jinjectioo/ jin^fecc = VbascnW 
Vintorfaccncmittcr represents an upper limit to the current gain of the transistor. The ratio 
of electron density on either side of the emitter-base junction leads to an effective 
multiplication of the interface recombination velocity by exp (qAEp/kT), directly 
affecting the current gain. 

The second undesirable feature in an HBT having a GaAsSb base and InP 
emitter is a reduction of the current at which current gain compression occurs. In a 
typical HBT, a relatively low emitter doping N c is used to reduce the emitter-base 
capacitance. The use of a certain emitter doping concentration places a hard upper 
limit, of N c exp (-qAEo/kT), on the injected electron density in the base. This is 
illustrated by the energy band diagram 51 in FIG. 3, which represents the 
characteristics of the InP/GaAsSb/InP HBT of FIG. 2 at a strong forward bias on the 
emitter-base junction 68. As this bias is approached, the emitter capacitance becomes 
quite large and the frequency response is rapidly lowered. For purely diffusive 
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transport, the electron velocity through the base, denoted by Vbase, is on the order of 

10 7 cm/sec in a typical microwave transistor. This leads to gain compression, in the 

presence of the electron discontinuity, at a current density in the range of 20 

amperes/square centimeter (A/cm 2 ) to 5 x 10 4 A/cm 2 . The experimental values are 
5 closer to the high end of this range, but still seriously limit the device operation by 

limiting the emitter charging frequency g m /(27cC c ), where gm is the dynamic emitter 

conductance and C e is the emitter junction capacitance. 

FIG. 4 is a cross-sectional view illustrating a simplified HBT 100 constructed 

in accordance with the invention. The HBT 100 includes an InP substrate 101 over 
10 which a heavily n-doped subcollector layer 102 is grown. An n-doped InP collector 

layer 104 is grown over the subcollector layer 102. Metal contacts 106 are applied 

over portions of the subcollector layer 102 as shown. 

A heavily p-doped GaAsSb base layer 1 10 having a thickness of less than 49 

nm, and preferably about 20 nm, is grown over the InP collector layer 104 and metal 
15 contacts 1 12 are applied to portions of the base layer 1 10 as shown. The base layer 

1 10 can be grown having different compositions. 

In accordance with one embodiment of the invention, the material of the base 

layer 110 has a composition that results in a bulk lattice constant that matches the bulk 

lattice constant of the InP collector layer 104. This lattice match is achieved using 
20 GaAsSb with an arsenic fraction in the range from approximately 50 to approximately 

51%. Growing such a thin base layer structure increases the base series resistance R b . 

Therefore, the thin lattice matched GaAsSb base layer 1 10 is preferably highly doped 

to a concentration of approximately 6 x 10 19 acceptors/cm 3 . Because of the doping 
behavior of the GaAsSb, the base layer 1 10 can be made thin and highly doped, thus 
25 maintaining a high current gain. 
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In an alternative embodiment, the thin GaAsSb base layer 1 10 is grown having 
an arsenic fraction generally in the range from more than 51% to about 65%, 
preferably in the range from more than 51% to about 60%, more preferably in the 
range from about 54% to 56% and most preferably about 55%. These arsenic 
fractions result in a base layer material having a bulk lattice constant that differs from 
the bulk lattice constant of the InP collector layer 104. With an araenic fraction in the 
above ranges and a thickness as defined above, the GaAsSb base layer 1 10 will grow 
pseudomorphically, referred to as "strained," without cracks. In this manner, the 
lattice parameter of the GaAsSb base layer 1 10 conforms to the lattice parameter of 
the InP collector 104 and to the InP emitter 1 14. 

As known to those having ordinary skill in the art, the lattice constant in a 
pseudomorphic layer is stretched or compressed so that it matches the substrate lattice 
in the two dimensions perpendicular to the growth direction. Although the lattice 
parameter in the growth direction will be completely different, the lattice constant 
presented by the pseudomorphic surface to incoming constituent atoms during growth 
is the same as a lattice-matched surface. Therefore, physically, the use of a thin 
pseudomorphic layer as the base layer 1 10 is very similar to the use of a perfectly 
lattice-matched base layer 110. 

When the base layer 1 10 is constructed using GaAs x Sbi_ x , where X is 0.51, as 
in the first embodiment, the base layer will be nearly unstrained and almost perfectly 
lattice-matched to the InP collector layer 104. However, if X is substantially different 
from 0.51 the bulk lattice constant of the GaAsSb base layer 1 10 would be 
mismatched with respect to the InP collector layer 104. In such a case, the GaAsSb 
base layer 1 10 can be grown sufficiently thin and without cracks to be pseudomorphic 
so that its lattice constant conforms to the lattice constant of the InP collector layer 

ii 
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104 and the InP layers in the emitter 1 14. Increasing the arsenic fraction in the 
GaAsSb base layer 1 10 from about 51% to about 60% reduces the conduction band 
discontinuity, AEc, by approximately 0.05 eV relative to a lattice-matched base. 

A high base doping level of the GaAsSb base layer 1 10 is used to reduce the 
5 sheet resistivity and lower the base series resistance, R b , that results from the thinly 
grown base layer 1 10. In essence, the high base-doping that is possible in GaAsSb, 
and the small value of C, in Eq. (2) above, associated with GaAsSb enables the use of 
thin bases to reduce base transit time and provide good current gain while maintaining 
reasonably low base series resistance, R b . The thinness of the base permits the use of 

10 GaAsSb compositions that are not lattice-matched to InP, but that can be grown 
sufficiently thin and pseudomorphic with good crystalline quality. The freedom to 
make adjustments to the composition of the base material allows adjustment of the 
conduction band discontinuity between the base and the emitter. In this manner, the 
current gain can be increased and current operation higher than that possible in 

15 transistors having lattice-matched bases can be achieved. Preferably, the base layer 
1 10 is 20-40 nm thick and is doped with carbon (C) or beryllium (Be) to a 
concentration in the range of 6 x 10 19 to 4 x 10 20 acceptors/cm 3 . 

The emitter 1 14 comprises a lightly n-doped InP layer 1 16 grown over the base 
layer 1 10. A heavier n-doped InP layer 1 18 is grown over the InP layer 1 16, and a 

20 heavily n-doped InGaAs layer 120 is grown over the InP layer 1 18. These two layers 
118 and 120 provide an ohmic contact between the emitter 1 14 and the metal contact 
122. The layers 1 16 and 118 may also be constructed using AlInAs. The composition 
of the AlInAs is chosen to result in a lattice constant that matches the lattice constant 
of the collector layer 104. Because the base layer 1 10 has a lattice constant that 

25 conforms to the lattice constant of the InP collector layer 104, the lattice constant of 



Agil nt Dock t N . 10003976 

the AlInAs layers 1 16 and 1 18 in the emitter 1 14 will also conform to the lattice 
constant of the base layer 110. The subcollector layer 102, collector layer 104, base 
layer 108, intermediate layer 110 and the emitter 1 14 can be grown using, for example 
but not limited to, molecular beam epitaxy (MBE). 
5 Based on experimental realizations of GaAsSb base HBTs, it is believed that 

the material constants that go into Equations 1, 2 and 3 above are quite different from 
the values for InGaAs. The dependence of hole mobility on hole concentration in the 
5 x 10 19 to 5 x 10 20 range appears to be small, so e - 0. Base recombination is 
dominated by a combination of interface recombination and radiative recombination, 

10 while Auger recombination is negligible. 

Hence, for an GaAsSb base HBT, Eq. (2) becomes: 
l/x B « I/trad + 1 1 ^interface « BN A + v intcrfecc AV B (Eq. 4). 

FIG. 5 is a graphical illustration of the scaling behavior of f T , fMAX and the 
base doping in an HBT constructed according to the first embodiment having a thin 

15 GaAsSb base and constrained to have a current gain of 50 as a function of the base 
layer thickness. The electron mobility, and hence diffusivity, of electrons in highly p- 
doped GaAsSb is less than in InGaAs so that the transit time is a stronger function of 
base thickness. As illustrated, both fi*AX and f T are greatly improved by scaling to 
small base thickness. The cutoff frequency ft and the maximum operational 

20 frequency fMAX are shown with respect to the left axis and the base doping is shown 
with respect to the right axis. For reference, the f T and f M AX scaling behavior of the 
InGaAs base transistor, illustrated in FIG. 1, is shown as dashed lines. 

It should be mentioned that an HBT having an InGaAs base exhibits improved 
fr compared to an HBT having a GaAsSb base of the same thickness throughout the 

25 scaling range. As such, the thickness of the GaAsSb base of an HBT, the 



Agilent Docket No. 10003976 

characteristics of which are shown in FIG. 5, can always be made thinner in order to 
achieve the same f T and a significantly better fMAX- The preferred base thickness is in 
the range of 10-49 nm with a doping concentration of about 6 x 10 19 acceptors/cm 3 up 
to about 4 x 10 20 acceptors/cm 3 . The upper end of this range may be limited by 
5 material problems associated with very heavy carbon doping, but problem-free doping 
up to 1 x 10 20 has been demonstrated. 

Above it was demonstrated that the conduction band discontinuity AEc can 
lead to increased recombination current at the emitter-base metallurgical junction 
because of increased radiative and trap-assisted recombination. The radiative 

10 recombination problem can nearly always be mitigated by reducing that discontinuity. 
The term K^^d Pbase for spatially indirect radiative recombination contributes to the 
radiative term I/trad = B N A in Eq. 2 as does bulk radiative recombination. The term 
Ks-i-nui Pbase comes from the overlap of the electron and hole wave functions near the 
metallurgical junction. Qualitatively, the spatially indirect radiative recombination 

15 comes from holes tunneling into the emitter and overlapping with real electrons, and 
from electrons tunneling into the base, and overlapping with real holes. The term for 
spatially indirect radiative recombination takes the form that it does because the 
relative sizes of the conduction and valence band discontinuities lead to much stronger 
tunneling of electrons than of holes. Thus, the constant Ks-i-md reflects the integral of 

20 the tunneling electron wave functions into the base. The value of K^i-nid increases 

slowly as AEc is reduced when compared to the exponential decrease of n c (at constant 
n b , and hence injection current) as AEc is reduced. This holds true as long as AEc is 
large compared to kT/q. The trap-assisted recombination is equally sensitive to 
reduction of AEc since it also depends on n*. but that reduction is accomplished 
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without substantially increasing the interface trap density N T . Therefore, the 
scalability of the GaAsSb base HBT makes it possible to reduce the conduction band 
discontinuity AEc by increasing the As content in the base layer. 

FIG. 6 is a graphical illustration of the scaling behavior of fr, fMAX and the 
5 base doping in an HBT according to the alternative embodiment having a thin 

GaAso.62Sbo.38 base layer composition grown pseudomorphically over an InP collector 
and constrained to have a current gain of 50 as a function of the base layer thickness. 
The cutoff frequency f T and the maximum operational frequency fMAX are shown with 
respect to the left axis and the base doping is shown with respect to the right axis. For 

10 reference, the base doping and fMAX scaling behavior of the unstrained GaAsSb base 
transistor, illustrated in FIG. 5, is shown as dashed lines. The fr scaling behavior is 
nearly unchanged with respect to FIG.5. 

The strained GaAsSb base layer 1 10 exhibits a high degree of crystalline 
perfection both in the bulk and at the emitter base interface. By using alloys that are 

15 rich in As, the conduction band discontinuity, AEc, can be reduced. Using alloys in 
the range of 0.60 As for 20 nm thick bases results in an HBT having better gain at the 
same doping concentration than an HBT having a base layer that is lattice-matched to 
the collector layer and the emitter. This in turn leads to the possibility of using a 
higher doping density in the base to improve fMAX* FIG- 6 illustrates the improvement 

20 in both f T and fMAX for a 0.05 eV reduction of AEc- 

FIG. 7 is a graphical illustration showing an energy band diagram 200 of the 
InP emitter/GaAsSb base/InP collector HBT of FIG. 6. The vertical axis 212 
represents the energy level and the horizontal axis 214 represents distance. That is, 
the thickness of the material that respectively comprises the emitter region 1 14, the 
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base region 1 10 and the collector region 104. The energy discontinuity AEc in the 
conduction band 216 is about 0.13 eV and the energy discontinuity AEy in the valence 
band 218 is about 0.71 eV. The 0.13 eV discontinuity in the conduction band 216 
represents an approximate 0.05 eV improvement with respect to that shown in FIG. 3. 

5 It will be apparent to those skilled in the art that many modifications and 

variations may be made to the preferred embodiments of the present invention, as set 
forth above, without departing substantially from the principles of the present 
invention. For example, both npn and pnp HBTs can benefit from the concepts of the 
invention. All such modifications and variations are intended to be included herein 

10 within the scope of the present invention, as defined in the claims that follow. 
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